Neurotransmission involves the exo-endocytic cycling of synaptic vesicle (SV) membranes. Endocytic membrane retrieval and clathrin-mediated SV reformation require curvature-sensing and membrane-bending BAR domain proteins such as endophilin A. While their ability to sense and stabilize curved membranes facilitates membrane recruitment of BAR domain proteins, the precise mechanisms by which they are targeted to specific sites of SV recycling has remained unclear. Here, we demonstrate that the multidomain scaffold intersectin 1 directly associates with endophilin A to facilitate vesicle uncoating at synapses. Knockout mice deficient in intersectin 1 accumulate clathrin-coated vesicles at synapses, a phenotype akin to loss of endophilin function. Intersectin 1/endophilin A1 complex formation is mediated by direct binding of the SH3B domain of intersectin to a non-canonical site on the SH3 domain of endophilin A1. Consistent with this, intersectin-binding defective mutant endophilin A1 fails to rescue clathrin accumulation at neuronal synapses derived from endophilin A1-3 triple knockout (TKO) mice. Our data support a model in which intersectin aids endophilin A recruitment to sites of clathrin-mediated SV recycling, thereby facilitating vesicle uncoating.
Introduction
Neurotransmission is mediated by the fusion of synaptic vesicles (SVs) with the presynaptic membrane, followed by compensatory endocytosis and clathrin-mediated SV reformation [1] [2] [3] . Clathrinmediated vesicle formation includes progressive membrane deformation by Bin/Amphiphysin-Rvs (BAR) domain superfamily proteins, in which BAR domains function as curvature sensors and/ or inducers [4] [5] [6] . Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ) plays a key role in the recruitment and assembly of endocytic clathrin coats [7] , but it has to be hydrolyzed rapidly via the PI (4,5)P 2 -phosphatase synaptojanin 1 [8] to enable uncoating postfission. The BAR domain superfamily protein endophilin A functions as the main recruiter of synaptojanin 1 via its C-terminal SH3 domain that also binds to proline-rich motifs of dynamin [9] , to the vesicular glutamate transporter VGLUT1 [10] , and to the Ubl domain of parkin [11] .
Many of the endocytic BAR domain proteins including FCHo, SNX9, and amphiphysins contain binding sites for clathrin/AP-2 [5, 12] ; however, endophilin A is an exception. In contrast to other endocytic BAR domain proteins, no interaction of endophilin with clathrin coat components has been reported. This is particularly surprising as a major phenotype of endophilin A loss in vivo is the accumulation of free clathrin-coated vesicles (CCVs) [13] [14] [15] , a phenotype resembling that of deletion of synaptojanin [8, 16] with which endophilin interacts physically and functionally [17] . Data from retinal bipolar cells [18] and hippocampal neurons [19] indicate that endophilin may serve additional roles, for example, in clathrin-independent endocytosis at synapses. These data thus raise the question how endophilin is recruited to sites of clathrin-mediated SV reformation.
Here, we show that the multiple SH3 domain-containing scaffold protein intersectin directly associates with endophilin A and regulates its function. Intersectin is an early-acting evolutionary conserved endocytic protein that associates with multiple coat components such as AP-2, FCHo, and Eps15, in addition to dynamin [3] . Intersectin 1 is overexpressed in Down syndrome, while intersectin loss of function in flies and mammals has been associated with defects in exo-endocytosis [20] [21] [22] . We demonstrate that intersectin 1 knockout (KO) mice accumulate CCVs at synapses. Furthermore, we use NMR spectroscopy and biochemistry to delineate the determinants underlying endophilin/intersectin complex formation and show that the ability of endophilin to directly bind to intersectin is crucial for its role in vesicle uncoating at synapses.
Results and Discussion
Accumulation of clathrin-coated vesicles at synapses from intersectin 1 KO mice Previous work has shown that Dap160, the fly ortholog of mammalian intersectins 1 and 2, is required to stabilize endocytic proteins, in particular endophilin A [20] . To test whether intersectin 1 regulates endophilin A function in the mammalian nervous system, we analyzed the structural architecture of synapses within lamina IX of the lumbar spinal cord in wild-type (WT) and intersectin 1 knockout (KO) mice. Lumbar spinal cords from intersectin 1-KO were morphologically normal. Glutamatergic M-type and S-type asymmetric synapses from WT and KO mice displayed a similar morphology and contained compact clusters of SVs ( Supplementary Fig S1) . However, KO synapses showed a mild, yet, significant accumulation of apparently free CCVs (Fig 1A-G) , an observation confirmed by serial sectioning electron microscopy and quantitative morphometric analysis (Fig 1H) . This phenotype is similar, though clearly less severe than that observed in cortical synapses from endophilin A1-3 TKO mice [14] , and suggests that intersectin 1 may directly or indirectly regulate endophilin function.
Direct SH3-SH3 domain-mediated interaction between endophilin A1 and intersectin 1 Given the phenotypic similarity between intersectin 1 KO and endophilin A1-3 TKO synapses, we probed for a possible interaction between both proteins. Antibodies against endophilin A1 efficiently immunoprecipitated not only endophilin A1 but also intersectin 1 from lysed synaptosomes, while both proteins were absent from control immunoprecipitates (Fig 2A) . Hsc70 taken as a control was not co-immunoprecipitated. Hence, endogenous intersectin 1 and endophilin A1 form a complex in native brain tissue. Affinity chromatography was used to delineate the site within intersectin 1 responsible for association with endophilin A1. We incubated GSTfused SH3 domains of intersectin 1 immobilized on beads with detergent-lysed rat brain homogenates and analyzed bound proteins by immunoblotting. Endophilin A1 was efficiently retained on the SH3B domain of intersectin 1, a domain that previously has not been assigned any specific ligand (Fig 2B) . All other SH3 domains were inactive with respect to endophilin binding, although intersectin 1-SH3s A, C, and E (and to a minor degree also B) avidly bound to dynamin 1. None of the intersectin 1-SH3 domains associated with actin ( Fig 2B) . These data suggest that endophilin A1 specifically binds to the SH3B domain of intersectin 1.
Mammals in addition to intersectin 1 express the closely related isoform intersectin 2 [3] . We therefore tested whether endophilin A1 also binds to intersectin 2. Native endogenous (Fig 2C) or GFPtagged intersectin 2 expressed in HEK293 cells (Fig 2D) efficiently bound to GST-endophilin A1-SH3 in affinity chromatography experiments, indicating that endophilin A1 associates with both mammalian intersectins. Binding of intersectin-SH3B to endophilin was also observed in lamprey ( Supplementary Fig S2B) , suggesting that complex formation between endophilin and intersectin is evolutionary conserved.
The association between intersectin 1 and endophilin A1 was direct as purified full-length His 6 -endophilin A1 avidly bound to intersectin 1-SH3B immobilized on beads (Fig 2E) . Conversely, full-length GST-endophilin A1 or a truncated mutant version lacking its BAR domain efficiently associated with soluble recombinant His 6 -intersectin 1-SH3B (Fig 2F) , but not with His 6 -intersectin 1-SH3A ( Fig 2G) . Thus, intersectin and endophilin A1 directly bind to one another via association of intersectin-SH3B with the C-terminal region of endophilin A1 encompassing its SH3 domain.
Structural basis for endophilin A1-SH3 association with intersectin 1-SH3B
We quantitatively analyzed the interaction between purified recombinant intersectin 1-SH3B and the SH3 domain of endophilin A1 by isothermal titration calorimetry (ITC). This analysis revealed a K D of about 30 lM and a 1:1 stoichiometry of complex formation ( Fig 3A) .
To probe the mode of interaction between the two SH3 domains at the atomic level, we turned to NMR spectroscopy. Resonance assignments for 15 N-isotope-labeled endophilin A1-SH3 were obtained on the basis of 3D-triple-resonance spectra, which then allowed us to interpret the interaction properties by chemical shift analysis of the corresponding 15 N-1H correlation spectra. To obtain insights into the molecular determinants of complex formation between endophilin A1-SH3 and intersectin 1-SH3B, we supplemented 15 N-labeled endophilin A1-SH3 with either purified recombinant intersectin 1-SH3B or a proline-rich peptide derived from the vesicular glutamate transporter 1 (VGLUT1), a known endophilin A1-SH3 ligand [10] . Complex formation with SH3B invoked chemical shift changes or disappearance of resonances due to ligand-induced line broadening of residues mostly located on the surface of the b-sheet of endophilin A1-SH3 (Fig 3B (red spectrum) , Fig 3C , middle panel; Supplementary Fig S3C) including E329, M331, and S336 (Fig 3C, right) . This location is opposite to the canonical proline-rich ligand-binding site, an epitope engaged by the VGLUT1 peptide (Fig 3B, blue spectrum and Fig 3C, right panel) . Correspondingly, the NMR spectrum showed two sets of largely independent resonance shifts that could be attributed to endophilin A1-SH3 complex formation either with SH3B (inset a in Fig 3B) or with VGLUT1 (inset b in Fig 3B) . Only a few resonances displayed chemical shifts upon addition of either of the two ligands (inset c in Fig 3B) . Consistent with the presence of two largely independent binding sites on endophilin A1-SH3 for VGLUT1 and intersectin 1, we observed negligible effects of the VGLUT1-derived peptide on resonances affected by SH3B binding and vice versa (compare red and orange and green and orange spectra in Fig 3B) . These data, thus, identify a novel binding surface on the endophilin A1-SH3 domain, which selectively engages the SH3B domain of intersectin 1, independently of its association with proline-rich motifs within VGLUT1, synaptojanin, or dynamin.
To define the epitope of the intersectin 1-SH3B domain that binds to the b-sheet region in endophilin A1, we performed a similar epitope mapping approach using 15 N-labeled intersectin 1-SH3B.
This analysis showed that the association of SH3B with endophilin A1-SH3 encompasses the RT and the nSrc-loops of SH3B, including R925, W949, and Y965 (Fig 3C, left ; Supplementary Fig S3A and B) , structural elements that often enable proline-rich peptide binding of canonical SH3 domains. Collectively, our data establish a firm structural basis for complex formation between endophilin A1-SH3 and intersectin 1-SH3B. To probe whether the binding epitopes determined by NMR spectroscopy indeed are required for endophilin A1-intersectin 1 complex formation, we generated site-directed mutants of endophilin A1. Mutation of residues E329?K and S366?K within the SH3 domain of full-length endophilin A1 (Fig 3C, right) resulted in failure of the mutant protein to bind His 6 -SH3B (Fig 4A) . Similar results were seen in affinity chromatography experiments from detergentextracted rat brain lysates: WT endophilin A1 avidly bound to native endogenous intersectin 1, whereas only trace amounts of intersectin 1 were found in association with mutant endophilin A1 (E329K, S366K). Importantly, WT and mutant endophilin A1 bound indistinguishably to the proline-rich domain-containing proteins synaptojanin 1, dynamin 1, and VGLUT1 (Fig 4B and C) . Furthermore, when expressed in HEK293 cells, WT and mutant endophilin A1 partitioned with equal efficiencies between soluble cytoplasmic and membrane-bound fractions (Fig 4D) , suggesting that mutation of E329K, S366K has no apparent effect on the ability of endophilin to associate with membranes via its BAR domain. These data confirm using control rabbit non-immune IgG (rb IgG) or anti-endophilin A1 antibodies. Samples were analyzed by immunoblotting for endophilin A1 (EndoA1), intersectin 1 (ITSN1), and Hsc70. B GST-intersectin 1-SH3 associates with endophilin A1 present in detergent-lysed rat brain extract (RBE). Samples were analyzed by immunoblotting for endophilin A1 (EndoA1), dynamin 1 (DynI), actin, and GST. C, D Endophilin A1 associates with intersectin 2. (C) GST or GST-endophilin A1-SH3 fusion proteins were incubated with detergent-lysed rat brain extract (RBE).
Samples were analyzed by immunoblotting for intersectin 1 (ITSN1), intersectin 2 (ITSN2; note: antibody specificity was verified by samples from intersectin 2 knockout mice), dynamin 1 (DynI), or actin. (D) Same as in (C) but using detergent extracts from HEK293 cells expressing intersectin 1-eGFP (ITSN1-GFP) or intersectin 2-eGFP (ITSN2-GFP). Samples were analyzed by immunoblotting for eGFP or actin. E-G Direct binding of endophilin A1-SH3 to intersectin 1-SH3B. Indicated GST-fusion proteins were incubated with full-length (FL) His 6 -endophilin A1 (E), His 6 -intersectin 1-SH3B (F), or His 6 -intersectin 1-SH3A (G). Samples were analyzed by SDS-PAGE and staining with Coomassie blue. N-HSQC spectrum of endophilin A1-SH3 (green) overlaid with spectra recorded after supplementation with intersectin 1-SH3B (red), a proline-rich peptide derived from VGLUT1 (blue) or both (yellow). Enlarged sections above illustrate typical signal changes caused by addition of SH3B (a) or peptide (b), both (c), or none (d). C Epitopes of the direct SH3-SH3 interaction mapped onto the structures of intersectin 1-SH3B (left) (PDB: 4IIM) and endophilin A1-SH3 (middle) (PDB:3IQL). Red, residues showing shift changes larger than the average shift distance (AE SD) or disappearing due to line broadening upon SH3 domain binding. Blue, endophilin A1-SH3 residues that display significant shift perturbation after VGLUT1 peptide addition. Orange residues showed significant shift changes and were mutated in order to abrogate binding. wild-type (WT), a proline-rich peptide binding defective mutant (PxxEY->AxxKA), or a mutant within the intersectin 1-SH3B binding interface (E329K, S336K) were incubated with RBE. Samples were analyzed by immunoblotting for synaptojanin 1 (SJ1), dynamin 1 (Dyn1), or clathrin heavy chain (HC). (C) GST or GST-endophilin A1-SH3 wild-type (WT) or mutant (E329K, S336K) were incubated with RBE. Samples were analyzed by immunoblotting for intersectin 1 (ITSN1), vesicular glutamate transporter 1 (VGLUT1), dynamin 1 (Dyn1), or actin as a negative control. D Endophilin A1-mRFP WT and mutant (E329K, S336K) partition equally between membrane and soluble cytosolic fractions of HEK293 cells. Samples were immunoblotted for endophilin A1 (EndoA1), transferrin receptor (TfR), or actin. E Endophilin A1 binding to intersectin 1 regulates clathrin uncoating. Quantification of clathrin clustering in cortical neurons (DIV 14-22) from WT or endophilin A1-3 TKO mice re-expressing endophilin A1 WT or mutant (E329K, S336K). Clustering was fully rescued by endophilin A1-mRFP WT, but only to a minor degree by mutant endophilin A1 (E329K, S336K); y-axis, fold increase of fluorescence puncta in mutant synapses normalized to WT. *P < 0.05, **P < 0.01, ***P < 0.001, t-test. F Equal expression of endophilin 1 A1-mRFP wild-type (WT) or mutant (E329K, S336K) in primary cortical neurons (DIV 14-22; 68 random images from n = 4 independent experiments). G Intersectin 1 regulates endophilin A1 targeting to sites of clathrin-mediated endocytosis in neurons. Colocalization between endogenous endophilin A1 and AP-2 in primary hippocampal neurons (DIV 14) from wild-type (WT) or intersectin 1 knockout (KO) mice assessed by Pearson's correlation (four independent experiments; 111 for WT and 110 random images for KO). Data represent mean AE SEM. ***P < 0.0001, two-tailed unpaired t-test.
EMBO reports
TKO mice show a striking abundance of CCVs, reflected by enhanced punctate immunoreactivity for endocytic clathrin coat components, most notably clathrin itself [14] . Hence, intersectin binding to endophilin A, which lacks the ability to directly associate with clathrin coat components, might facilitate endophilin function in vesicle uncoating at synapses. Primary cortical neurons derived from endophilin TKO mice displayed robust clustering of clathrin signal relative to WT neurons (Supplementary Fig S4A-C and Fig 4E) , reflecting the accumulation of CCVs as reported before [14] . Re-expression of WT endophilin A1-mRFP rescued this phenotype as distribution of clathrin was diffuse and similar to that observed in WT neurons. In contrast, re-expression of intersectin-binding defective mutant endophilin A1 (E329K, S366K) (Fig 4C) only resulted in a minor rescue reflected in significantly altered clathrin distribution compared to either WT neurons or endophilin TKO neurons expressing WT endophilin A1 ( Fig 4E, Supplementary Fig S4A-C) . The inability of mutant endophilin A1 to fully rescue clathrin accumulation in endophilin TKO neurons was not due to protein instability as WT and mutant endophilin A1 were expressed to the same levels ( Fig 4D) . Enrichment of CCVs and a corresponding reduction in the number of bona fide SVs was also observed in stimulated lamprey reticulospinal synapses following microinjection of mammalian intersectin 1-SH3B to acutely disrupt intersectin/endophilin complex formation in situ ( Supplementary Fig S2A, C-H) . These data demonstrate that endophilin A function in vesicle uncoating at synapses depends on its direct association with intersectin. We demonstrate that endophilin A uses distinct surfaces on its SH3 domain to associate with intersectin and with proline-rich ligands including synaptojanin and dynamin. SH3-SH3 domainbased complex formation at least to our knowledge has rarely been observed in biology and has not been described for any other membrane trafficking protein so far.
Functional rescue analyses of neurons from endophilin A1-3 TKO mice show that SH3 domain-mediated endophilin-intersectin complex formation regulates SV uncoating mediated by endophilin A. Consistent with this observation, we detect that neurons from intersectin 1 KO mice display an accumulation of CCVs, although the phenotype of these animals is much weaker than that of endophilin A1-3 TKO mutants. This discrepancy likely is explained by functional overlap between intersectins 1 and 2 with respect to endophilin A binding (compare Fig 2C and D) and recruitment. Consistent with this possibility, we find intersectin 2 levels to be significantly up-regulated by about 2-fold in brain or hippocampal lysates derived from intersectin 1 KO mice (Supplementary Fig  S4D) . Moreover, we cannot rule out that additional factors other than intersectins also contribute to this function.
Based on our data, we hypothesize that intersectin via its binding to endocytic clathrin adaptors (i.e. FCHo, AP-2) may regulate partitioning of endophilin A between pathways of clathrin-mediated SV reformation and clathrin-independent membrane retrieval at synapses and possibly in non-neuronal cells. In such a scenario, endophilin A binding to intersectin at sites of SV exo-endocytosis would facilitate its association with clathrin/AP-2-containing endocytic intermediates prior to vesicle uncoating, in spite of its inability to directly interact with clathrin coat components. Consistent with this, immuno-EM experiments have demonstrated that endophilin A is present early at the rim of forming coated pits [23] and accumulates at the CCP neck during late endocytic stages, presumably aided by its curvature inducing properties and the ability to self-assemble [24] . Given that intersectin is recruited to clathrin-coated pits early, for example, prior to the peak of endophilin A [25] , a likely function for SH3-SH3 domain-mediated intersectin/endophilin complex formation is to aid targeting of endophilin to CCPs to create a platform for efficient synaptojanin recruitment for uncoating. In support of this model, we find reduced co-localization of endophilin A1 with AP-2 in neurons lacking intersectin 1 (Fig 4G, Supplementary Fig  S4E) . Our model is also consistent with the dominant-negative phenotype of intersectin 1 overexpression in Down syndrome and with recent studies in retinal bipolar cells and in mouse hippocampal neurons that have suggested an additional function of endophilin in fast membrane retrieval independent of clathrin/AP-2 coats [19] . Future studies will need to address by which mechanisms other BAR domain proteins may be targeted to select pathways or membrane sites.
Materials and Methods
The following Supplementary Methods are available as Supplementary Information: plasmids, antibodies, primers and site-directed mutagenesis; lamprey microinjection experiments; electron microscopy; protein expression and purification; cell fractionation; immunofluorescence; isothermal titration calorimetry; SH3B or endophilin A1 SH3 in the absence or presence of the nonlabeled ligands were performed at 298 K at protein concentrations of 100-250 lM. 1024 × 128 complex data points were acquired with eight scans in each HSQC experiment. See the supplementary information for details on NMR titration experiments and the backbone assignment of the two SH3 domains. Resonance assignments will be submitted to the BioMagResBank (BMRB).
Confocal microscopy analysis of primary cortical neurons in culture
Primary cortical neuronal cultures were prepared and transfected with chicken b-actin promoter-driven EGFP-clathrin light chain and WT or mutant endophilin A1-mRFP constructs using Amaxa system (Lonza), fixed after 14-18 day in-vitro with 4% paraformaldehyde/ 2% sucrose in phosphate-buffered saline (PBS) and subsequently imaged by spinning-disc confocal microscopy (Nikon/PerkinElmer), as described before [14] . Fluorescent puncta were quantified with MetaMorph software version 7.2 (Molecular Devices) using the application Count Nuclei, as in [8] . 
